Introduction
one of the major hurdles limiting the usefulness of antineoplastic chemotherapy is the emergence of acquired resistance against anticancer agents in tumors that have been initially treatment-responsive (2) . Such drug resistance phenomena could be very specific to a certain agent or a class of pharmacologically similar drugs, on the one hand, or could be non-specific, denoted as multidrug resistance (MDR), on the other (11) . hence, MDR is a phenomenon, whereby cancer cells exposed to one anticancer drug acquire resistance to various agents that are both chemically and pharmacologically distinct from the initially utilized medicine (15, 50, 52, 56) . Although there are several alternative mechanisms implicated in MDR (11, 15, 43) , this phenomenon is typically associated with overexpression of the AtP-binding cassette (ABc) family of membrane transporters, capable of pumping anticancer drugs out of cells, thus lowering their availability at the intracellular target-sites to levels devoid of cytotoxic activity (13, 15, 51) . The prototypical efflux transporter, implicated in MDR is P-glycoprotein (P-gp) (13) . This efflux pump is responsible for the unilateral, ATP-dependent efflux of various xenobiotics (not limited to antineoplastic drugs) out of cells (50) . the ABcsuperfamily of membrane efflux transporters is distinguished by a well-preserved homology of AtP binding domains, and there are forty-eight ABC genes identified in humans (15, 16, 18, 32, 51, 52) . nevertheless, besides P-gp, only few other AtPefflux pumps have been established to confer MDR-phenotype in tumor cells, namely the multidrug resistance associated proteins (MRP), such as MRP-1 (ABcc1), MRP3 (ABcc3), MRP4 (ABcc4) (2, 4, 9, 13, 43, 48, 56) , and the breast cancer resistance proteins (BcRP; mitoxantrone resistance proteins, MXR) (15) .
considering the importance of MDR as a leading cause of treatment failures in chemotherapy, there has been intensive search for possible approaches for modulation or bypassing the pleiotropic resistance mechanism. one of the possible methods for overcoming resistance is to administer anticancer drugs concomitantly with non-cytotoxic substances called chemosensitizers or MDR-modulators, capable of inhibiting ABc transporters, and hence restoring the chemosensitivity of malignant cells (2, 14, 15, 19, 21, 26, 28, 30, 32, 46, 50) .
thus, during the last several decades the ABc-pumps have emerged as validated therapeutic targets of their own, giving rise to intensive drug design and discovery programs. Different classes of MDR modulators (either specific for P-gp or broad spectrum ABC-transporter inhibitors) have been identified and some of these have been subject to clinical trials (2, 13, 21, 39, 41, 53, 56) . Among the chemically diverse P-gp modulators there are many natural products or their derivatives (13, 19, 26, 32, 42) . one of the perspective and thoroughly studied classes of modulators are the benzophenone chemosensitizers, which have been found to bind to the AtP-binding domain of the efflux pump (3, 21, 47) . MRP-1 is an efflux pump, which although having P-gp distinct transport mechanisms and substrate specificity, has a somewhat overlapping clinical drug resistance pattern, rendering tumor cells non-responsive to anticancer drugs of plant or microbial origin, such as the Vinca alkaloids, the epipodophyllotoxin derivatives, the taxanes and the anthracycline antibiotics, among others (13, 16, 17, 18, 26, 51, 52) . Nevertheless, the number of definitely evaluated and characterized MRP-1 modulators is significantly lower as compared to that of the P-gp inhibitors (30, 41, 46, 48) . Hypericum annulatum Moris subsp. annulatum is an endemic species for the Balkan Peninsula and Sardinia. its thorough phytochemical investigation has led to the identification of different classes of biologically active compounds such as flavonoids, catechines, condensed anthraquinones (40) , an isocoumarin (38), a phloroglucinol (34, 49) , xanthones and benzophenones (22, 23, 37, 57) . Preceding pharmacological surveys of the benzophenone series and gentisein ( fig. 1.) have shown that these exert chemoprotective (33) , and hepatoprotective (31) effects in vitro and, moreover, are capable of inhibiting the re-uptake of serotonin (54) .
in line with the well established P-gp modulating activity of natural and synthetic benzophenones (21, 47) and the paucity of data regarding such effects against MRP-1, the aim of the present study was to assess the MDR-reversal potential of 5 benzophenones and the xanthone gentiseine from H. annulatum and their ability to sensitize the MRP-1 overexpressing cell line hl-60/Dox to anthracycline antibiotics (19) .
materials and methods drugs and reagents
Formic acid, 2-propanol, l-glutamine and DMSo bromide were purchased from Applichem Gmbh, Darmstadt, Germany. Fetal calf serum (FcS) and RPMi 1640 medium were purchased from Sigma-Aldrich co., the USA. the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Mtt) was supplied from Merck co., Germany. the 'cell death detection eliSA tM ' kit was purchased form Roche Diagnostics. the anthracycline antibiotics were supplied as commercially available sterile dosage forms for clinical application, as follows: doxorubicin (DoX) (Adriablastin The air dried and powdered herb (1.7 kg) was refluxed with n-hexane (6×1 l) at 60 ºc for 2 h each time and then extracted with hot Meoh (8×6 l) at 70 ºc. the crude Meoh residue was dissolved in hot h 2 O (2 L), filtered and treated with chcl 3 (10×300 ml). the aq. phase was extracted with etoAc (7×500 ml). the combined etoAc layers were concentrated with a rotary evaporator to remove the solvent. the chromatographic separation of the etoAc residue (57 g) and characterization of isolated compounds, namely 3',5',6-trihydroxy-4-methoxybenzophenone-
and 3',5',6-trihydroxy-4-methoxybenzophenone-2-O-α-l-3''-acetylarabinofuranoside (acetylannulatophenonoside) (5), and the aglycone 2,3',5',6-tetrahydroxy-4-methoxybenzophenone (annulatophenone) (4), their isolation, purification and identification have been described elsewhere (23, 37) . For the isolation of the xanthone 1,3,7-trihydroxyxanthone (gentisein) (6) a solution of hypericophenonoside 2 (100 mg) was dissolved in 1 mol/l hcl (5 ml) and was stirred at 100 °c under reflux in a reaction flask for 4 h. Thus produced yellow precipitate of compound 6 was filtered, washed with water and re-crystallized from Meoh. the chemical structures of the tested compounds are depicted in fig. 1 . Cell lines and culture conditions the cell lines used in this study, namely hl-60 (acute myeloid leukemia), its MDR-variant hl-60/Dox (characterized with MRP-1 overexpression), and K-562 (chronic myeloid leukemia) were obtained from the German collection of Microorganisms and cell cultures (DSMZ Gmbh, Braunschweig, Germany). the cells were grown as suspension cultures in a controlled environment: RPMi-1640 growth medium supplemented with 10 % fetal bovine serum (FBS) and 2 mmol/l l-glutamine in cell culture flasks at 37 °C in an incubator 'BB 16-Function Line' Heraeus (Kendro, Hanau, Germany) with humidified atmosphere and 5 % co 2 . cells were kept in log phase by supplementation with fresh medium after removal of cell suspension aliquots, two or three times a week. the MDRphenotype of hl-60/Dox was maintained by addition of 0.2 μmol/L doxorubicin to the final medium.
Cytotoxicity assessment (mtt-dye reduction assay) the cell viability was assessed using the standard Mtt-dye reduction assay as described by Mosmann (35) with minor modifications (24) . The method is based on the reduction of the yellow tetrazolium salt Mtt to a violet formazan product via the mitochondrial succinate dehydrogenase in viable cells. in brief, exponentially growing cells were seeded in 96-well flat-bottomed microplates (100 μL/well) at a density of 1×10 5 cells per ml, and after 24 h incubation at 37 °c they were exposed to various concentrations of the tested compounds for 96 h. At least 8 wells were used for each concentration. After the incubation with the test compounds 10 μL MTT solution (10 mg/ml in PBS) aliquots were added to each well. the microplates were further incubated for 4 h at 37 °c and the formazan crystals formed were dissolved through addition of 100 μL/well 5 % formic acid (in 2-propanol). The absorption was measured using a multimode microplate reader (Beckman coulter DtX-880) at 580 nm. cell survival fractions were calculated as percentage of the untreated control and fitted to sigmoidal concentration-response curves, using non-linear regression (GraphPad Prizm Software). in addition, ic 50 values were derived from the concentration-response curves. Resistance indices (RSi) were calculated from the data for the multidrug-resistant hl-60/Dox cells as the ratio between the ic 50 for hl-60/Dox and the ic 50 for hl-60. these values were utilized as a measure of the encountered resistance. the efficacy of the chemosensitizers to restore the responsiveness of hl-60 cells to the anthracyclines was analysed by calculating the reversal indices (RVi) = ic 50 (anthracycline alone)/ic 50 (anthracycline + reversal agent).
Apoptosis assay the oligonucleosomal DnA fragmentation, characteristic for apoptosis, was examined using a commercially available 'celldeath detection' eliSA kit (Roche Applied Science). this method allows semi-quantitative determination of the histoneassociated mono-and oligonucleosomal DnA-fragments characteristic for the apoptotic process, using 'sandwich' eliSA. exponentially growing hl-60 cells were exposed to varying concentrations of the compounds 1, 4 and 6 and thereafter cytosolic fractions of 1×10 4 cells per group (treated or untreated) served as an antigen source in a sandwich eliSA, utilizing primary anti-histone antibody-coated microplate and a secondary peroxidase-conjugated anti-DnA antibody. the photometric immunoassay for histone-associated DnA fragments was executed according to the manufacturers' instructions at 405 nm, using a multimode microplate reader (Beckman coulter DtX-880). the results are expressed as the oligonucleosomal enrichment factor (representing a ratio between the absorption in the treated vs. the untreated control samples). (hl-60) in the available literature several classes of highly active benzophenones have been reported (1, 12, 20, 25, 27, 29, 31, 36, 44, 45, 55) , which are nevertheless characterized with pronounced lipophilicity (20, 25, 27) and abundance of structural features such as prenylated side chains (1, 12, 36, 45) or aryl ortho-trimetoxy substitution patterns (20) , absent in the structures of the presented series of benzophenones.
the 24 h treatment with the tested compounds evoked oligonucleosomal DnA-fragmentation ( fig. 2C) , which implies that the cytotoxic mode of action of 1-6 is at least partly mediated by activation of the apoptotic cell signaling pathways. These findings support the established proapoptotic effects of previously described natural and synthetic benzophenones (29, 45) . failed to cause 50 % inhibition of cellular proliferation and viability. After sole administration the anthracyclines DoX, DRB, eRB and iDR induced strong cytotoxic effects in the chemosensitive hl-60 variant ( fig. 3) , whereas, in the resistant variant, 50 % inhibition of cellular proliferation and viability was registered at several-fold higher concentrations. the calculated ic 50 values and the corresponding resistance indices (RSi) are summarized in table 2. the highest resistance index was established for DoX, whereas iDR proved to be least influenced by the MDR-phenotype in HL-60/DOX (fig. 4) . These findings are in good agreement with the well established superior potency of iDR vs. the other anthracyclines and with its ability to partly bypass the MDR-phenotype in cell lines, otherwise non-responsive to this class of antineoplastic agents (5, 6, 7, 8, 10) . Chemosensitizing activity of the series of benzophenones and gentisein towards the effects of anthracyclines in hl-60/Dox Applied at non-toxic concentrations of 12.5 μmol/L or 25 μmol/L, the tested benzophenones and gentisein generally increased the chemosensitivity of hl-60/Dox cells to all tested anthracyclines, whereby the effect was dependent on the reversal agents and on the anthracycline as well. the reversal effect was invariably more pronounced at the higher concentration of the polyphenol compounds. to ease the data interpretation, the average reversal indices were calculated for each individual chemosensitizing compound, on the one hand, and for each of the anthracyclines, on the other. in general, the lipophilic xanthone was the most active among the tested compounds, whereas the benzophenone glycosides exerted less pronounced modulating activity. these data well correspond to the literature data regarding the impact of chemical structure and lipophilicity on the activity of the benzophenone class of MDR-modulators (20, 21) . these findings give an indirect indication that most probably the compounds interact with an AtP-binding domain or other intracellular epitopes on the surface of the transporter, which are more readily accessible for less polar agents, such as the aglycone gentisein. the median reversal effect was highest in DOX and least pronounced in IDR. The latter findings could be ascribed to the fact that anyway the latter anthracycline is least influenced by the MDR phenotype.
Conclusions
in continuation of our ongoing program for thorough pharmacological evaluation of polyphenols from Hypericum annulatum subsp. annulatum, the presented study gives further evidence for their polyvalent and pleiotopic pharmacological properties. A series of benzophenones (four glycosides and one aglycone) and a xanthone were assessed for their ability to restore the chemosensitivity of multidrug resistant cells to four clinically used anthracycline antibiotics. on the basis of the observed low intrinsic cytotoxicity and ability to modulate the MDR phenotype in hl-60/Dox the tested polyphenols from Hypericum annulatum subsp. annulatum are attractive candidates for future more exhaustive evaluation as drug resistance reverting agents.
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